ABSTRACT Introduction: We evaluated the reliability of measuring muscle thickness with ultrasound in limbs and diaphragms of critically ill children and determined the sensitivity of these measures to quantitate muscle atrophy over time. Methods: An expert and trained novice sonographers prospectively measured limb and diaphragm muscle thickness in 33 critically ill children. Results: Expert and novice intrarater and interrater reliability were similar. Intraclass correlations (ICC) and coefficients of variation (CoV) were better in limbs (ICC > 0.9; CoV 3.57%-5.40%) than in diaphragm (ICC > 0.8; CoV novice 11.88%, expert, 12.28%). Mean relative difference in all muscles was small (1%-8%). Limits of agreement of the relative difference were smaller in limb (<13%-18%) than in diaphragm (<38%) muscles. Discussion: Muscle thickness is reliably measured with ultrasound by trained examiners in critically ill children. Our approach detects atrophy >13% in limb and >38% in diaphragm muscles. The smaller detectable change in limb muscles is likely due to their greater thickness.
Intensive care unit-acquired weakness (ICU-AW) increases mortality and morbidity in both adults and children. [1] [2] [3] Identifying ICU-AW in the acute setting is challenging because patients are critically ill. A marker of ICU-AW, muscle atrophy, can be detected by using serial ultrasound measurements of muscle thickness performed at the bedside. 4 In critically ill adults, muscle atrophy occurs early in the ICU stay, within the first 7 to 10 days, 4, 5 and is associated with increased morbidity, mortality, and longer hospital stay. 2, 3 Muscle atrophy also occurs in critically ill children. 6 Quadriceps femoris muscles in critically ill adults atrophy by 30% in the first week of illness. 4 Although prior studies in healthy children and children with neuromuscular disease have shown that muscle ultrasound is a reliable technique for measuring limb muscle thickness, 7, 8 its use in detecting changes in muscle thickness in critically ill children over time has only recently been assessed. Highly reliable ultrasound measurement protocols are required to detect levels of atrophy in children similar to those seen in adults because children's muscles are smaller than those of adults, so small measurement variability may obscure changes in muscle thickness over time. A prior study of ultrasound reliability to measure quadriceps femoris muscle thickness in critically ill children concluded that a single transverse ultrasound measurement of the quadriceps femoris was insufficiently reliable to detect the anticipated atrophy (<30%) in the muscle thickness. 9 A subsequent study found that ultrasound measurement of quadriceps femoris thickness was sufficiently reliable to detect a 5% change in muscle thickness when 2 repeated measurements obtained from both transverse and longitudinal planes were averaged. 6 No published studies have assessed the reliability of ultrasound measurements of muscle thickness in other skeletal muscles or in diaphragms of critically ill children who have been intubated. In this study, we assessed the reliability of ultrasound muscle thickness measurement in upper and lower limb muscles and in the diaphragm of critically ill children and compared the reliability of an expert examiner with that of trained novice examiners.
MATERIALS AND METHODS
Participants. We conducted a prospective observational study with approval from the Washington University in St Louis School of Medicine institutional research ethics board. Participation required written informed consent from the patients' legal representatives and, if able, assent from the participant. Between June 2015 and April 2016, we screened all critically ill full-term neonates or children less than 18 years of age who were admitted to the pediatric ICU and intubated, regardless of reason for admission. Children were eligible if they had been intubated for less than 72 h, were expected to remain intubated for at least 2 days, and were either independently ambulatory or had normal gross motor development (if aged less than 15 months) prior to their hospitalization. Limbs with direct trauma to the imaged structures or other gross anatomical abnormalities that might prevent adequate visualization of the studied muscles were excluded. We also excluded children who had known diagnoses of neuromuscular diseases or who were pregnant. Physical data, including age, sex, height, and weight were obtained for all patients.
Ultrasound Measurement Protocol. Ultrasound examinations were performed with a portable ultrasound imaging system (SonoSite Edge II; FujiFilm SonoSite, Bothell, Washington) with a 13-6-MHZ linear probe. Our ultrasound measurement protocol examined 4 muscles when possible for each child: unilateral biceps brachii/brachialis, quadriceps femoris, tibialis anterior, and the right diaphragm (Fig. 1) . When the right upper and lower limb could not be imaged because of an overlying structure (e.g., intravenous line, external fixator), the contralateral side was imaged instead. The muscles were measured in the supine position, holding arms and legs extended with muscles relaxed. Arms were supinated, knees extended and ankles placed in neutral position. Transverse ultrasound images of the limb muscles were obtained at predefined anatomical locations (Supp. Info. Table 1 ) corresponding to maximal muscle diameter at the muscle belly, and the distance from the bony landmarks was recorded for future reference. A surgical pen was used to mark the location for transducer placement on the skin. The transducer was placed perpendicular to the skin with a liberal amount of contact gel, and minimal pressure of the transducer was exerted on the skin to ensure no that there was compression of the muscle. Oblique scanning was avoided by altering the angle of the transducer to achieve the best deep fascia or bone echo. For the diaphragm, ultrasound was performed on the right diaphragm in the intercostal window at the anterior axillary line in cross-sectional view/oblique sagittal plane to obtain a parallel-appearing image of the superficial and deep aspects of the diaphragm. This was obtained 1 or 2 intercostal spaces caudal to the inferior pleural margin.
Diaphragm thickness was estimated as the vertical distance between the pleural and peritoneal layers at the end of expiration, whereas the respiratory cycle was determined clinically, and images were timed to match with end-expiration. We used a cine-loop capture, when required, to scroll through images to capture the minimal diaphragm thickness. An experienced sonographer (C.M.Z., or trainer) trained novice sonographers (M.S., A.R.D., K.W.P.N., or trainees) with the first 10 patients. The novice-acquired data from the first 10 patients were for training purposes only and were not included in the study. Training was conducted at the bedside with the 10 patients over 3 months. During this time, all evaluators demonstrated competency in measuring muscle thickness. The expert sonographer assessed competency during training at the bedside.
At the start of the study, novice sonographers had no prior experience in muscle imaging or muscle thickness measurements and only limited exposure to sonography for other indications (ICU procedures, nerve imaging in a few patients).
Each examiner performed 3 consecutive ultrasound measurements of a single transverse plane at the marked anatomic site. During training, we noticed improved reliability between examiners when transducer placement location along the limb was marked by a single examiner rather than measured independently by each examiner. Thus, for all measurements, we measured and marked a single location on each limb/ torso, which was used for transducer placement for each subsequent measurement and examiner. The initial marking was placed by the first examiner, regardless of whether that examiner was the expert or a novice sonographer. Between measurements, patients were allowed to move or be repositioned. We standardized our imaging and positioning to capture the muscle so that it was positioned directly over the underlying bone or fascia without angulation so that the maximal measured thickness extended perpendicular to and directly overlying the bony/deep fascia reflection. All images were obtained by waiting for moments when the patient was maximally relaxed, regardless of the level of consciousness. Not all muscles could be imaged for all patients because of overlying structures (e.g., intravenous lines/chest tube).
Intraobserver Study. We obtained 3 consecutive measures of muscle thickness for each muscle at a single time point. We selected the largest and smallest of the 3 measurements for intrarater variability analysis. We analyzed and compared the intrarater reliability of the trainer to the trained novice sonographers (trainees).
Interobserver Study. Two sonographers performed 3 consecutive measurements of each muscle, one after the other. The time between measurements performed by each sonographer ranged from immediately after to a maximal interval of 12 h. We averaged the 3 measurements performed by each examiner and analyzed the interrater differences between the averaged measures. Not all patients were examined by 2 examiners because of time and patient care constraints.
Statistical Analysis. Statistical analysis was performed with Excel version 14.6.8 (Microsoft, Redmond, Washington). P < 0.05 was considered statistically significant. We assessed reliability by calculating the intraclass correlation coefficient (ICC) by using the model for two-way mixed effects, the coefficients of variation (CoV) of repeated measures, and by analysis of Bland-Altman plots. Coefficients of variation of the repeated measurements were calculated as (SD of the interrater or intrarater differences of muscle thickness / the mean thickness) × 100%. 10 The ICC was used to determine the degree of agreement as follows: less than 0.21, poor; 0.21-0.40, fair; 0.41-0.6, moderate; 0.61-0.80, good; and 0.81-1.00, very good. 11 As an indicator of the range of error, we calculated the mean and SD of absolute differences between muscle thickness measurements and calculated the mean relative differences (MRD) as the (difference between repeated measures / mean muscle thickness) × 100%. We defined the limits of agreement as the mean difference ± 1.96 × SD of the differences between measurements. A single outlier in the interrater measures of the quadriceps femoris skewed the limits of agreement analysis, so we report this calculation with and without this single data point. We used Pearson's correlation coefficient (r) to analyze relationships between the CoV of repeated measurements to body weight and between muscle thickness to age and body weight.
RESULTS
Patient Characteristics. In total, we measured muscle thickness in 33 children. Demographic data are provided in Table 1 . The main reasons for pediatric ICU admission were respiratory failure, central nervous system pathologies, and trauma.
Mean (SD) muscle thickness was quadriceps femoris, 2.19 cm (±0.89); biceps brachii/brachialis, 1.56 cm (±0.63); tibialis anterior, 1.16 cm (±0.49); diaphragm, 0.15 cm (±0.04). Thickness of the limb muscles (biceps brachii/brachialis, tibialis anterior, quadriceps femoris) positively correlated with age and body weight (all P < 0.05). Diaphragm thickness did not correlate with either age or body weight (P > 0.05).
Intrarater Reliability of Single Repeated Measures.
The expert examiner examined 28 patients. The novice examiners examined 15 patients. Intrarater reliability was very good for both experienced and novice sonographers (Table 2 ) and was slightly higher for the limb muscles than for the diaphragm. Coefficient of variation was similar for the expert and novice examiners ( Table 2 ) and was lower in the limb muscles than in the diaphragm. Intrarater differences for both the experienced sonographer and the novice sonographers were small and without skew on Bland-Altman plot analysis (Fig. 2, Table 3 ).
Interrater Reliability of Averaged Measures. Two raters assessed a total of 15 patients. In 13 patients, both the expert and a novice sonographer performed the examinations. In 2 patients, the novice sonographers performed the repeated examinations. The interrater reliability (Table 2 ) was slightly higher in the limb muscles than in the diaphragm, whereas CoV (Table 2 ) was slightly lower in the limb muscles than in the diaphragm. A single outlier in the interrater measures of the quadriceps femoris unduly skewed the variability (CoV for the quadriceps femoris improved to 4.81% after removal of a single outlying value). Interrater differences were small and without skew according to analysis of BlandAltman plots (Table 4) . The outlier was a full-term infant who had been more active during 1 examination than the other, although the measurements were all taken at times when the patient was maximally relaxed and not moving.
Muscle Thickness Reliability and Weight. Only the expert intrarater CoV (%) in the quadriceps femoris showed a relation with patient weight (r = −0.5, P = 0.007; Supp. Info. Fig. 1 ). There was no . The x-axis shows the average muscle thickness in centimeters. The y-axis shows the absolute difference between the largest and the smallest of the 3 intrarater repeated measurements in centimeters. The horizontal lines parallel to the x-axis represent the absolute mean difference and limits of agreement, as defined by the mean ± 1.96 SD of the differences between measurements. relationship between the interrater CoV (%) and weight for the quadriceps femoris (r = 0.35, P = 0.21). There was no relationship between either intrarater or interrater CoV and the biceps brachii/ brachialis, tibialis anterior, or diaphragm (P > 0.05).
Limits of Agreement Analysis. Expert intrarater and interrater muscle thickness measures showed similar limits of agreement (Tables 3-4 ). The mean difference in all muscles was small (≤0.05 cm). The limits of agreement between raters was widest in the thickest muscle, the quadriceps femoris, and was narrowest in the thinnest muscle, the diaphragm. The MRD varied between 1% and 8% and was smaller in the thicker skeletal muscles than in the thinner diaphragm. The limits of agreement of the relative difference was similarly smaller in the skeletal muscles (<13%-18%) than in the diaphragm (<38%). Expert and novice intrarater limits of agreement showed similar results (Table 3) .
DISCUSSION
Serial ultrasound examinations of the muscle can identify muscle atrophy and could be used in the acute setting to identify children at risk of developing ICU-AW. One challenge identified in using ultrasound to measure muscle thickness is that, in small muscles as encountered in young children, measurement variability could obscure a relative change in muscle thickness. Prior studies in critically ill children have shown that reliability of quadriceps femoris muscle thickness measures using ultrasound differs depending on the number of images acquired and the orientation of the probe to the muscle. 6, 9 Using our technique, we were able to repeat measurements with ≤13% differences between measurements in the quadriceps femoris, biceps brachii/ brachialis, and tibialis anterior and ≤38% differences between measurements in the thinner diaphragm muscle. Our study differs from prior studies in that we imaged multiple muscles rather than only the quadriceps and evaluated 3 transverse muscle images rather than 1 (>30% change) 9 or instead of taking an average of 4 measures, 2 from transverse and 2 from longitudinal planes (>5% detectable change) 6 from the quadriceps femoris only. It is possible that incorporating both transverse and longitudinal views is more reliable because it is less sensitive to small changes in probe positioning. Similar to the study by Valla et al., 6 our methodology required that the location for the transducer placement was marked once on the muscle rather than reidentifying the location for transducer placement between assessments. 6 This has ramifications for longitudinal studies, especially when they are conducted in an outpatient setting, that would require well maintained skin markers for optimizing reliable transducer placement. For our study, when markings were inadvertently washed off, the measured distance of the initial skin marker placement from bony landmarks was recorded and reused for subsequent measurements.
Our study also shows that it is more difficult to detect a small relative difference in the diaphragm, a much thinner muscle than the skeletal muscles we examined. In a previous study on healthy children, limits of agreement for right diaphragmatic thickness were −0.20 to 0.07 for interobserver variability and −0.17 to 0.10 for intraobserver variability. 12 Despite achieving very small differences between repeated measures in the diaphragm muscle (−0.05 to 0.06 cm) in our study, when evaluation was recorded as a percentage of muscle thickness, this small variability still resulted in −32% to 38% limits of agreement. Even without operator-dependent variability, the smallest measurable distance of most sonographic machines is 0.01 cm, 13 which, in a 0.15-cm thick diaphragm, is 7% of the measurement in the diaphragm.
In previous studies, a significant decrease of 10%-13% in muscle thickness of the quadriceps femoris was detected in children who were being mechanically ventilated. 6 In 1 study, the decrease of end-expiratory diaphragm thickness in children who were being mechanically ventilated was reported as 13.8%, with an average daily atrophy rate of −3.4%, 14 whereas another study reported an 8.8% decrease in the first 2 days of intubation, with an average reduction in thickness of 0.68% per day thereafter. 15 In adults who were being ventilated, an average decrease in diaphragmatic thickness of 6% per day has been reported. 16 Muscle ultrasound should therefore be reliable enough to detect a relative decrease of muscle thickness of at least 10% in the quadriceps femoris and the diaphragm. The results from our study suggest that the use of ultrasound may be sufficiently reliable to detect a significant decrease in thickness of the quadriceps femoris but not of the diaphragm.
Muscle thickness reliability is similar in children of different weights. We found that, for most measures, the CoV of repeated muscle thickness measures did not vary with weight. Only the expert intrarater quadriceps femoris muscle CoV varied with weight, and this was mostly because of higher CoV in the smallest children, similar to the prior study by Valla et al. 6 Our CoV ranged from 3.5% to 10%, similar to a prior study of ultrasound-measured muscle and subcutaneous fat thickness in preterm infants. 17 Skeletal muscle but not diaphragm thickness increased with age and body weight in the children in our study. We found that skeletal muscle thickness increases with body weight, similar to other studies in critically ill 6 and healthy 7 children. Unlike skeletal muscle, diaphragm thickness in our study did not correlate with age or body weight. The average diaphragm thickness in our study (0.15 cm) was smaller than that in studies of critically ill (0.22 cm) 18 and healthy (0.33 cm) 19 adults. It is unclear why the diaphragm would be thinner in children than adults because we did not find a correlation between diaphragm thickness and weight or age. One reason may be that we studied only children who had been intubated, which may affect diaphragm thickness. Although we modeled our protocol on prior studies, we may have obtained measurements from slightly different locations compared with those studies. Another study on children who were intubated found an initial end-expiratory diaphragm thickness of 0.18-0.25 cm.
14 A study in healthy, nonintubated children from a much larger study (n = 84) demonstrated a correlation between anthropomorphic data, including weight, with diaphragmatic thickness in children <2 years of age. 12 Our study suggests that trained examiners can sufficiently perform muscle ultrasound assessments even in challenging clinical environments such as the pediatric ICU. We found good intraclass correlation for expert and novice intrarater measurements for limb muscles (>0.9), similar to prior studies in critically ill adults 13, 20 and children. 6, 9 This is also similar to previous studies in both healthy and diseased children and adults. 6, 8, 18 Novice and expert intrarater intraclass correlation for the diaphragm was also good, but was not quite as high as in skeletal muscle, similar to a prior study in critically ill adults. 18 Our study had several limitations. First, despite marking sonographic sites with sterile skin marker, these marks occasionally washed off with time. However, we were still able to achieve good reliability by recording the surface measurements from fixed landmarks for the site used for the initial measurement and using this to approximate the same site for repeat measurement. Second, changes of muscle echo-intensity, due either to acute or to chronic nonneuromuscular disorders, could render the study technically challenging because of the difficulty in visualizing the bone echo for an accurate assessment of muscle thickness. Third, some of our patients were not sedated or were actively moving when undergoing the ultrasound study. The increase in muscle tone with movement or increased level of alertness would affect thickness, although sonographers were trained to take the measurements during periods of relaxation in the awake and moving patient. We postulated that this was the cause of the outlier in the interrater measures of the quadriceps. Finally, we excluded children with known diagnoses of neuromuscular diseases, nonambulatory children, and children with significant gross global motor delay and did not have extremely obese patients in our study cohort. Our results may therefore not be applicable to these patient populations.
Our results show that muscle thickness can be reliably measured in children in the ICU with ultrasound by trained examiners. We achieved detectable changes as small as 13% in larger limb muscles and 38% in the diaphragm. Our study highlights the requirement for a stringent ultrasound protocol when ultrasound is used to detect small changes in muscle thickness over time in the pediatric ICU and suggests that, for future studies, the reliability of muscle thickness measurements in the quadriceps femoris can be further improved (>5%) by averaging repeated measures obtained from both transverse and longitudinal orientations. To achieve these degrees of reliability, well-marked locations for repeated transducer placement are required. Although the quadriceps femoris has been traditionally used for ultrasound studies on muscle atrophy, the biceps brachii/brachialis and tibialis anterior can similarly be reliably measured, although these thinner muscles yielded slightly higher MRDs between measurements. Longitudinal studies are required to determine whether different limb muscles have different changes in muscle thickness over time in ICU-AW. In addition, although muscle thickness measurement quantitatively evaluates for muscle atrophy in ICU-AW, quantitative ultrasound can assess for changes in echo-intensity with increase in fat and fibrous tissue, 21 and its use can be investigated in conjunction with muscle thickness measurements for future protocols. This highlights the requirement for a stringent ultrasound protocol when ultrasound is used to detect small changes in muscle thickness over time in the pediatric ICU.
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